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I. ABSTRACT

The purpose of this project was to perform theoretical and
experimental investigation on reactive and nonrcactive collision
processes that occur in chemical laser systems. The theorctical
investigation was focused on developing reliable and tractable
numerical techniques that describe the dynamics of the collision
processes. The experimental effort was devoted to a chemical laser
scheme based on gas phase chemiluminescence reactions, which allows

premixing of the reagents.

IT. SCIENTIFIC BACKGROUND

Chemical lasers (for example, HF, DF, and iodine) have
efficiently achieved power outputs of hundreds of kilowatts. So
far, our understanding of these lasers is hampered by our inability
to predict and interpret the cnergy distribution in the collision
processes that pump the lasing states. The difficulty is not so
much in understanding the physical laws that govern these processes
as in solving the equations that exactly describe them; the equations
are much too complicated to be solvable. Therefore, resecarchers
working with chemical laser systems would like to see the development
of a technique to solve the equations that is both accurate and
numerically tractable. Since the exact quantum-mechanical approach
is not numerically tractable in general, onc must rely on various
approximate results.  The most popular approximate technigue for
desceribing molecular collisions is the classical trajectory method,

in which the dynamics of collisions are described completely by

tw
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classical mechanics rather than quantum mechanics. When this

technique is combined with the commonly used procecdure for classify-

ing trajcctories as to their initial and final states, it is often
referred to as the quasi-classical (QC) method. Although the QC

method is easy to apply and interpret, it is often not sufficiently

accurate in describing microscopic state-to-state aspects of colli-

sions which are important in the study of chemical laser systems.

Furthermore, because the method is intrinsically classical, it is

not capable of describing classically forbidden processes resulting

from quantum tunneling. To overcome this weakness of the QC method,
i a method usually called a semiclassical (SC) method was introduced.
In this method, classical trajectories are allowed to take on com-
plex values, thus enabling one to approximately describe classically
! forbidden processes. However, one herc carries the burden of working
! with complex-valued trajectories, which are very difficult to handle.
It therefore scems highly desirable to devclop a new technique that

combines to a maximum degree the simplicity of the QC mcthod with

e

the accuracy of the fully quantum-mechanical (QM) method. This is

where our theoretical effort under Grant No. AFOSR-79-0122 has becen

o

directed.

) X-_;—aw.-:

Chemical lasers such as HF, HCl, and CO operate on vibrational

or rotational transitions and are thus infrared. A recent active

ficld of rescarch has been the development of visible wavelength

chemical lasers that operate on clectronic transitions.,  To achieve

lasing on an clectronic transition in a typical diatomic molecule,
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it is necessary to rapidly generate a supply of molecules in the upper
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level of the laser transition. At visible wavelengths this rcquirement
is difficult to satisfy with a traditional mixing-type chemical laser
that employs chemical reactions which initiate spontancously upon
mixing of the reagents. An alternative scheme that we have pursued
involves gas-phasc chemiluminescence reactions that do not initiate
until "triggered" *. a suitable low-power ignition mechanism. Thus,
reagents can be premixed, and a small input of optical or electrical
energy can be used to produce an initial chain carrier species. The
resulting chemical reaction is thus self-sustaining via branched
chain reaction kinetics, Our experimental effort was devoted to

this scheme, utilizing chemiluminescence reactions that are triggered

by a pulsed laser.

ITI. OVERVIEW OF THLE WORK FERFORMED

In research supported by Grant AFOSR-79-0122, we have accom-
plished the following:

1. Developed a new approach to molecular collisions that
appears to have overcome several difficulties of the QC and SC
methods.

2. Modified the SC method so as to accurately describe near-
resonance vibrational-to-clectronic cnergy transfer processes.

3. Obtained intense blue-green chemiluminescence from the
d3n » a3r transition of €, by premixing €10, with acetylene (Call;) and
trigpering the reaction with an Xell excimer laser,

Progress in the above three arcas is described in the follow-

ing subscctions.,  Further details can be found in the appended reports,
4
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A. A New Approach to Molccular Collisions: Statistical
Quasi-Classical Method

Our theoretical ecffort was focused on developing a technique
that combines to a maximum degrce the simplicity of the QC method
and the accuracy of the QM metho¢. This of course is the spirit
with which the SC method was developed. To avoid complications due i
to the handling of complex-valued trajectorics, we elected to keep
the trajectories real, thus describing the dynamics of collisions {
completely by classical mechanics. However, we used a quantum
statistical recpresentation of initial and final states instead of the
usual representation based on the classical probability distribution
that is used in the QC method. Thus, our new method may be con-
sidered to be the classical trajectory method with a touch of quantum
statistics in representing initial and final states. For this reason,
we call our method the statistical quasi-classical (SQC) method.

The quantum statistical representation of the states scems to
be most convenicntly achicved by using the Wigner distribution func-
tion,

W(q,p,t) = ;%;/hx exp(-2ipx/h)Y* (q-x, )P (q+x,t). (1)

Roughly speaking, the Wigner function gives the quantum-mechanical

probability distribution at timc t in phase space (q,p) for the
system described by the wavefunction v(q,t). To use it in our SQC
method, we first need to find the initial Wigner function

W(q,p,t = -») corresponding to the initial state ¢(q,t = -»), Euch
clement (g, p) of the initial Wigner function is then propagated in

time using the classical lamilton cquations of motion. 7This
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propagation is achieved in practice by representing the initial Wigner
distribution by a finite number, N, of points on an appropriate two-
dimensional grid in the (q,p) plane and then integrating the Hamilton
equations of motion for each of the N points (q,p) on the grid. The
collection of the final values of q and p obtained after the integra-
tion constitutes the final Wigner distribution function W(q,p,t = =),
from which the transition probability can be obtained.

Since the SQC method contains some quantum-mechanical features
not contained in the QC method, one might expect it to be able to at
least partially describe classically forbidden processes. The chief
disadvantage of the SQC method, on the other hand, is that it requires
a large number of trajectories to be computed, as each element (q,p)
of the Wigner distribution must be propagated. However, this is only
a small disadvantage, considering the advantage of not having to deal
with complex-valued trajectories.

The SQC method was applied to the collinear inelastic

collision,

He + Hz(vi) + He + Hz(vf). (2)

Calculations clecarly showed that the SQC method is more accurate

than the QC method. They also indicated that the SQC method is,

or at lcast has a potential to be, capable of accurately describing
classically forbidden processes. 1t appears, thercfore, that the SQC
mcthod represents an appealing alternative to the existing tech-
niques for describing molecular collisions, especially when more
accurate information is desired than can be obtained by the QU method
and when the fully QM method or the SC method is too difficult to

handle.
6

, P e

P - - R _ © e N emegy . . . -




o 8N

PRSP S T O >

L, VN

B. Modification of the Semiclassical Method: Trajectory-Based
Decoupling Scheme

The major difficulty of the SC method in describing collision

processes lies in the complexity of integrating complex-valued tra-

jectories. One of the approximate schemes designed to alleviate

this difficulty is the "decoupling" scheme, in which trajectories

are assumed to take on real values except when they hit (avoided)

crossing points at which electronic transitions may occur in the SC

theory. The scheme then assumes that all but one appropriately

chosen coordinate n and momentum Pn can be "frozen" at the crossing

points and calculates the transition probability in a Stuckelberg

manner, allowing only the 'decoupled" coordinate n and momentum Prl

to take on complex values. It is important to make an intelligent

choice of the decoupled coordinate n if the approximation is to be

reliable. The usual way of choosing it is to look at the structure

of the potential cnergy surface in the neighborhood of choosing points

and determine which component of momentum is most effective in leading

to electronic transitions. For example, for the colinear collision
X€(2P) + M (vy) > X(2Pg ) + Hy(vy), (3)

where X is cither F or Br, the decoupled coordinate n was chosen to

be the translational coordinate R. Although SC calculations with this

choice of n yiclded energy transfer probabilitics in good agrecement

with the corresponding QM calculations for X = F, a strong disagree-

ment was found for X = Br. This was attributed to the inability of

the SC method to describe near-resonance processes involving

- e Nt N




vibrational or rotational cnergy levels, because internal (vibra-

tional and rotational) degrees of freedom are treated classically

in the SC method. However, it is not entirely clear that resonance

effects should be absent simply because internal motions are treated

classically. A good agreement might be obtained with a better choice

of the decoupled coordinate, even if we use the SC method or even

the QC method. This is an important consideration because it

determines whether one can use a numerically tractable technique (the

QC method) to describe near-resonance processes of importance in

chemical laser systems,

i A better choice of the decoupled coordinate n, we believe,
can be achieved by taking n to be the coordinate along the direction

) of motion at a crossing point. The reason for this particular choice

can be found in the reprint of Appendix B (Lee, Lam, DecVries, and

George). Here we only note that n determined by the above choice

is generally different for different trajectories, and therefore has

to be defined for cach trajectory at each encounter with a crossing

. point. For this reason, the new decoupling scheme is called the

M trajectory-based dccoupling scheme. QC calculations have been car-
‘; ried out for the necar-resonance vibrational-to-electronic energy

:r transfer process

Br(?p;,)) + fp(v; = 1) » B;(zp!i) + Hy(vg = 0) (4)

using the trajectory-based decoupling scheme. The agreement with the

QM calculations is much better with the trajectory-based scheme than

, with the old scheme.  Furthermore, as we artificially varied the spin-
!
I4 orbit splitting of Br around the fixed vibrational frequency of “2’
$
e
8
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the new scheme clearly reproduced the resonance peak structure of
the transition probability, whereas the old scheme failed. It
therefore seems that our new scheme opens the door for the QC
mcthod to describe near-resonance energy transfer processes.

The work described in this section was carried out in co-
operation with Prof. Thomas F. Gecorge and his coworkers at the

University of Rochester.

C. Laser-Initiated Chemiluminescence Experiments

To obtain chemiluminescence from C, using the premixing
technique, we first generated chlorine dioxide (C10,) by passing
Cl, gas over NaClO, crystals. The Cl10, was then collected into the
reaction cell, to which acetylene (Cpls) was added to allow it to
be mixed with the C10,. A single 10-mJ, 20-nsec pulse of 3500 %
light from a XeF excimer laser was then used to detonate the mixture.
The detonation resulted in an intense blue-green chemiluminescence,
which was ecasily identified as the Cy{d®n > a3m) Swan bands. From
the observation of the temporal behavior of the chemiluminescence,
we found that the rise tiwe of the pulse is typically 30 to
50 usec, while the "burn-time'" excceds 1 msec., The time delay before
the rapid onset of light cemission was on the order of the time re-
quired for a shock front to travel from the laser input window to
the side-urm where light emission was obscerved. We do not know
the exact mechanism of reaction and therefore cannot speculate in

detail regarding the kinetics of the reaction.  The bluc-green

chemi luminescence from the €, Swan band was also observed from
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HN3 + Collp + NoO + He mixtures using a single 20-mJ, 20-nsec pulse of
2490-} KrF excimer laser light. 1In addition, strong CN violet band
emission was also observed from this mixture. To determine whether
a chemically pumped C, laser is possible from the schemes described
above, however, further investigation is necessary on the kinetics of
the reactions involved.

The work described in this section was carried out in coopera-

tion with Dr. David Benard at AFWL.

IV. PUBLICATIONS
The following publications, produced in conjunction with this

work, are reproduced as appendixes to this report:

Hai-Woong Lee and Marlan 0. Scully, "A new approach to molecular
collisions: Statistical quasiclassical method," J. Chem. Phys.
73(5): 2238-2242, 1 Scpt. 1980.

Hai-Woong Lee, Kai S§. Lam, Paul L. DeVries, and Thomas F. George,
"A new semiclassical decoupling scheme for electronic traasitions
in molecular collisions: Application to vibrational-to-clectronic
energy transfer," J. Chem. Phys. 73(1): 206-212, 1 July 1980.

M. D. Burrows and D. J. Benard, '"Pulsed visible chemiluminescence
experiments," Laser Digest, summer 1980.
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APPENDIX A

A new approach to molecular collisions: Statistical

quasiclassical method?
Hai-Woong Lee and Marlan O. Scully

Department of Physics and Optical Sciences Center, University of Arizona, Tucson, Arizona 85721
and Projekigruppe fur Laserforschung der Max-Planck Gesellschaft, D-8046 Garching bei Munchen,

West Germany
(Received 25 March 1980; accepted 12 May 1980)

A new approach is presented in which classical mechanics is combined with quantum statistics to describe
molecular collisions. In this approach, the dynamics of collisions is described by classical trajectories as in the
widely used quasiclassical method. However, initial and final internal states are represented in phase space in
8 quantum statistical way, using the Wigner distribution function. Results of calculations performed on a
collinear He—H, collision indicate that this new method is more accurate than the quasiclassical method,
especially when the initial vibrational energy is low. Morcover, the new method is capable of describing
classically forbidden processes that cannot be accounted for by the quasiclassical method.

I. INTRODUCTION

The classical trajectory method is probably the most
popular technique for describing the dynamics of molec-
ular collisions.*® As the name of the method implies,
the colliding molecules obey Hamilton's equations of
motion. The technique is often referred to as the quasi-
classical (QC) method when combined with the common-
ly used procedure for classifying trajectories as to their
initial and final states. The strength of the QC method
is that it is easy to apply and requires less computer
time and expense than the accurate quantum-mechanical
QM) method. However, the QC method is often not suf-
ficiently accurate in describing microscovic state-to-
state aspects of collisions. Furthermore, the QC meth-
od, due to its intrinsically classical nature, is not ca-
pable of describing classically forbidden processes re-
sulting from quantum mechanical tunneling. Therefore,
it is highly desirable to develop a technique that over-
comes the weakness of the QC method, while retaining
its strong points as much as possible. Progress has
been made along this direction in recent years.3S

In this paper, we introduce an approach termed the
statistical quasiclassical (SQC) method, which is essen-
tially the classical trajectory method combined with a
quantum statistical representation of initial and final
states. The idea of the method stems from the fact that
the usual assignment of initial conditions in the QC meth-
od is often inaccurate from the quantum mechanical
point of view. For example, the selection of the vibra-
tional phase of a harmonic oscillator is based on the
probability distribution resulting from the classical har-
monic motion. This, however, approaches the correct
quantum mechanical distribution only in the limit of high
vibrational energy. One might expect to obtain higher
accuracy by using an initial assignment based on the
quantum mechanical nature of the system being investi-
gated. This consideration immediately leads to the idea
of using an appropriate probability distribution function
in phase-space, derived using quantum mechanical wave
functions. We choose for this purpose the Wigner dis-

Y Research sponsored by the Alr Force Office of Scientific Ro-
search under Grant No, AFOSR-79-0122,

2238 J. Chem, Phys. 73(5), 1 Sept. 1980
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tribution function, ®? which has been widely used in the
past for describing a variety of systems.®'? Thus, in
our SQC method, initial internal states are represented
by the corresponding Wigner distribution, which then is
propagated in time using the classical trajectory method.
The resulting final Wigner distribution carries informa-
tion on the final state, and therefore can be used to ob-
tain transition probabilities. The Wigner distribution
function yields the correct qQquantum mechanical proba-
bility distribution for both position and momentum of the
system under consideration. Therefore, the SQC method
contains at least some quantum mechanical features not
contained in the QC method. In this regard, it is of pri-
mary interest to see how well the SQC method can de-
scribe classically forbidden processes, In Sec, II we
give a brief review of the basic properties of the Wigner
distribution function, useful for the development of the
SQC method. Section III follows with a description of the
SQC method, and its application to a collinear He~H,
collision is described in Sec. IV.

1. THE WIGNER DISTRIBUTION FUNCTION

The Wigner distribution function W(g, p,f) may be de-
fined as the Fourier inverse of the characteristic func-
tion

cle,m 0= [dqu*(a, 0 expli(ed + np)]ulq, 0
=Tr{p(@,p,expliltg+np)]} , ¢V

i.e.,

Wig,p,0)=gr7 [ at [anexn(-itsq +np)]

x (qu (g, t) expliltg mﬁ)]w(q.f))

=Tr[plg,p,1) (g -q) 8(p - p)] . (@

Here ¢ and n are real parameters, 6 and i) denote coor-
dinate and momentum operators, and ¢ and p corre-
sponding cigenvalues. It can be easily shown’ that Eq.
2) reduces to

Wig,p. )= —%l—. fd,\‘cxp(—--i—mg)q»‘ @~x,DPg+x,1), (3)

n

© 1980 American institute of Physics
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an expression first given by Wigner.® If we expand § in
terms of an orthonormal set of eigenfunctions

¥lg, 1) =z:;a.m¢-_<q) , @
Eq. (3) becomes

Wig,p,t) =); 3 atha ) w,alg, ) , (5)
where )

oma, 0= 35 [axen(ZHE) y2g-0ue 0. @

It can also be shown that the functions w,,’s form a com-
plete orthogonal set in the phase space (¢,p) ,

fda [aptnta.p epneta,p)= 20almmt . (qa)

nh

I Opal, p) wulg’, p) = & '2;:“" L. )

I we integrate the function W given by Eq. (3) over
»p, we obtain

fdp Wig,p, ) =t*lg, (g, . (8a)
Similarly, we get
Japwia.p.0=1*6,0%0,0) , (8b)

where (p,!) is the Fourier inverse of ¢{g,t), or the
wave function in the momentum space. Equation (8) in-
dicates that the Wigner distribution function yields the
correct quantum mechanical probability distribution in
both coordinate and momentum spaces.

Il. STATISTICAL QUASICLASSICAL METHOD

In this section, we describe our new approach, the
SQC method. In principle, this method can be applied
to any type of collision process. For convenience of
presentation, however, we consider a nonreactive atom-
diatom collision

A +BC(n)= A+ BC(m) , (9)

where n and m refer to any relevant set of initial and
final quantum numbers. We denote the translational
coordinates and momenta collectively by @ and P and
the internal coordinates and rromenta by ¢ and p. At
the initial time t = -, the diatom BC is prepared in its
nth eigenstate

baclq, t===)=4(q) . : (10

In our approach, this initial slate is represented by the
corresponding Wigner distribution function, which can
be written by using Eqs. (5) and (6) as

Wig.p, t=-=)=w, {q,p) = "l—h f{l.\‘cxp(- 2[: "-)

X¢mlg - lg v . (11)
The initial translational coordinates and mowmenta are
specified as usual: the initial @ corresponds to an arbi-
trarily large separation of A apd BC at which the A-BC

interaction is negligible, and the initial P is determined
by the collision energy. Now, our system, A+ BC, ini-
tially specified by Q, P and W(g, p, t =-«), evolves in
time according to Hamilton’s equations of motion. To
integrate Hamilton’s equations, we first represent the
initial distribution W(g,p, t = —=) by a finite number (N)
of points on an appropriate two-dimensional grid in the
{g,») plane. The integration is then carried out N times
for fixed initial values Q, P and for each point (q,p) on
the grid. The collection of final values of ¢ and p ob-
tained after the integration constitutes the final distribu-
tion function

Wig,p, t==)=2, 3 atlt==)a,t =) w,tq,p) . (12)
T 7
corresponding to the final state of the diatom BC,
Ynclg, t==)=2_ a,lt==)y,q) . (13)
i

The transition probability n— m can then be obtained from

P..-,.=|a,,.(t=w)|==2nﬁqufdpw...(q.l>)W(q.p, t=w) ,

(14)
where the orthogonality relation, Eq. (7a), has been
used in obtaining Eq. (14). Thus, the recipe to obtain
the transition probability P,., using the present SQC
method is simple: one first finds the initial Wigner dis-~
tribution w,, from Eq. (11) and then obtains the final
Wigner distribution W(g, p, t ==) by integrating Hamil-
ton’s equations of motion for each element (g, p) of w,,.
The transition probability can then be obtained by Eq.
(14).

It should be noted that the statistical representation
of the initial state according to Eq. (11) is what differ-
entiates the SQC method from the usual QC method.
The uncertainty relation required by quantum mechani-
cal considerations is contained in this statistical repre-
sentation, and for this reason the SQC method is ex-~
pected to be able to describe classically forbidden pro-
cesses. [t should also be noted that in our method the
Wigner distribution function is used only to represent
the initial and final states, and the collision dynamics
occurring between the initial and final times is still
governed completely by classical mechanics. This dif-
fers from other works utilizing the Wigner distribution
function, *='2 in which the dynamics is governed by the
Schridinger equation of motion. One difficulty in using
the essentially quantum mechanical Wigner distribution
function to determine initial and final conditions for
purely classical equations of motion is that some quan-
tum mechanical features of the Wigner distribution func-
tion are lost during the classical dynamical evolution.
This is a Jundamental limitation on the SQC method in
its present form. This point will be further illu<trated
in the next section. In spite of this difficulty, our de-
sire to keep the calculational procedure at an clemen-
tary level provides strong incentive for working with the
classical cquations of motion.

V. EXAMPLE

To illustrate our approach, we modetl the collinear
He-H, collision as follows: H, is approximated by

J. Chem, Phys,, Vol, 73, No. 5, 1 Sentember 1980
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harmonic oscillator, and the He-H, interaction is an
exponential repulsion between He and the closer end of
H;. This system has been extensively studied in the
past, quantum mechanically'®!* as well as semiclassi-
cally. '™ we choose the potential parameters accord-
ing to Secrest and Johnson, !* and one should consult
their paper for details of the system. Here we only need
to discuss those features that are newly encountered in
our approach.

Let us assume that the harmonic oscillator (H,) is ini-
tially in its nth eigenstate

ba{q) =N, H (ag) exp(-} a*q®) , (15)

where a={uw, N3 u and w, are, respectively, the
mass and the angular frequency of the harmonic oscilla-
tor; N, is the normalization constant; and A, denotes the
nth Hermite polynomial. Then the initial Wigner distri-
bution function is given by Eqs. (5) and (6) as

re _9:
Wig,p, —=®)=w,(q,p) = 1;7‘" fdxexp(—%&)ﬂn(aq -ax)

xexp(-4a’lg - x)PH, (ag + ax) exp[ -1 a?(g + x)?] .

(16)
By straightforward algebra, we obtain

~1 2 2
onla, )= m)" e“p[- (“2"2 + 5%5)] L~(2a2q2+ ‘azﬁrzz)

(17)

or
W (@, p) = wo(¥) =[ (= 1)" ‘mi)exp(-v) L (2y) , (18)
where the energy parameter y is defined as

y=alq®s pP/aPR¥=(2/hwy) (b pwiq?+ p2/2u) (19)
and L, refers to the nth Laguerre polynomial. For ex-
ample,

wool ¥) = (1/nA) exp(-1) , (20a)

wy(¥Y=(=1/28) (1 - 2y} exp(~ ¥} . (20b)

We note that the initial distribution depends only on the
energy parameter v. This, however, is due to the as-
sumption that the system is initially in an energy eigen-
state. If the system is not in an energy eigenstate, the
Wigner distribution function would contain off-diagonal
elements wy,, i#j, which in general depend on ¢ and p
separately.

In order to numerically represent the initial distribu-
tion given by Eq. (17), we construct a two-dimensional
rectangular grid in the (¢, p) planc. The size and the
density of the grid should be taken as the smallest ones
with which the desired accuracy can be achieved., For
our caleulations of the He-1l, colhision, for example,
20> 20 points i the rectangle connecting the four points
(2 27a, ¢ 20h) gives sufficiontly accurate results for
n=1. kach pomt (g, p) in the ith cell of the grid car-
ries with it the weipht

Wonlqis ) =y (v = (= I expl= v ) L (2v,) 2l .

Starting with (g, p;) and the initial values of the transla-
tional courdinates @ and momenta £, we now numencally
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integrate Hamilton's equations of motion until the final
condition is reached. As in the usual QC method, we
then obtain the final energy of the oscillator or the cor-
responding final y value v’’.

The collection of these final v values, with the weight
factor w,,(y,) now associated with y¥’, may be considered
to represent the final Wigner distribution W(y, f =%).

The transition probability »— m can then be obtained by

Puy=21 [ dq [dp 0unla,p) Wia,p,t =)
a'l('./-a’y Wouly) Wiy, t =)

2K Y Wanl 3 0l (21)
f]

where K and K’ are appropriate normalization constants.

We note here that the final Wigner distribution is con-
sidered to be a function of v, not of ¢ and p separately.
If we were to consider g and p as two independent vari-
ables, the physical distribution obtained would depend
on the choice of the final time. However, since the final
state is in general a superposition of energy eigenstates,
the correct final Wigner distribution function should con-
tain off-diagonal elements w;;, i#j, and therefore should
depend on ¢ and p separately. In other words, all infor-
mation concerning the off-diagonal elements «,,, i#j, in
the Wigner distribution is lost in our-treatment. This is
the price that we have to pay for using classical equations
of motion to describe the dynamics. The same difficulty
also exists in the initial Wigner distribution. One might
argue that the initial distribution represented by the set
of points on the grid is meaningless, in the sense that
the distribution would be physically different for a dif-
ferent choice of the initial time. This difficulty, how-
ever, can be avoided at least numerically by taking suf-
ficiently many points on the grid such that the difference
is negligible. This is ensured in our calculations by in-
creasing the number of points on the grid until the final
results change little with a further increase.

Calculations have been carried out for transition prob-
abilities of the He -H, system, using the proposed SQC
method as well as the usual QC method. The results
are shown in Table I and Fig. 1 for various initial trans-
lational and vibrational energies, along with the “exact”
results of Secrest and Johnson.!* The SQC method is
seen to yield reasonably accurate probabilities for the
case n=0, i.e., when the oscillator is initially in its
ground state. However, for n =2 the SQC method is al-
most as “inaccurate” as the QC method. It is not im-
mediately clear why the SQC method becomes less ac-
curate as » increases. The most interesting feature in
our results is that the SQC wethod yields tintle proba-
bilities for the two classically forhidden processes;

0- 0 for the case £ =20 (in units of Yhuy), and 1= 3 for
E =12 (see Table D). The same method, however, yelds
zero probability, within the accuracy of the method, for
the other two classically forbidden processes; 2- 5 for
E=16 and 2~ 4 for E =12. This only means that the
SQC method, as developed here, is capabice of describ-
ing classically forbidden processes, bul needs further
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improvement to be sufficiently accurate. In order to
further study the accuracy of the SQC miethod in de-
scribing classically forbidden processes, we also made
calculations for the case E =8. In this case the initial
energy is so low that most transitions arc classically for-
bidden. The results of the SQC and QC calculations are
shown in Table 1, along with the QM results of Secrest
and Johnson.!? One sees that the SQC method is very
accurate in this case. This is made more evident in
Table IlI. Here the results of SQC and QC calculations
are shown for a collinear He-HBr collision with £ =12
(in units of 4 Aw,, where w, is now the vibrational fre-
quency of HBr). Also shown are the corresponding QM
data of Clark and Dickinson. In this case all transi-
tions are classically forbidden, as can be seen from the
QC data. Nevertheless, the SQC method gives quite ac-
curate probabilities for all the forbidden processes listed
in Table [II. On the other hand, the SQC method canuot
accurately describe processes that have probabilities
less than ~ 107, For example, the QM calculations'
show that the transition 0- 2 (and 2~ 0) has the proba- |
bility ~10™*. This, however, is beyond the accuracy of i
the SQC method in its present form.

A useful criterion by which to judge the accuracy of a )
method is whether forward and reverse probabilities
computed using that method are equal at the same total
chanical (solid lines) (Ref. 13), quasiciassical (dashed lines), energy; i.e., whether the transition probahilities vhey
and the statistical quasiclassical (dotted lines) methods. Ini- microscopic reversibility. QM probabihities obey this
tial translational and vibrational energies £, and E, are given principle, whereas QC ones often badly violate it. as can
in units of §Aw, where w, is the vibrational frequency of H,. be seen in Tables [ and II. Tables I, II, and III also

FIG. 1. Transition probabilities P as functions of {inal vibra-
tional quantum numbers m, calculated from the quantum me-

TABLE I. Transition probabilities for a collinear He-H, collision calculated from the
quantum mechanical QM) (Ref. 13}, quasiclassical tQU), and the proposed statistical
quasiclassical (SQC) methods. The total initial energy E is measured in units ot {hw,,
where o1y is the vibrationa!l frequency of H..

QM® Qut SQC®  QM© Qce sQCe Qad Qe sQd
0—0 (0.060)* v* 0.046° (0.204) 0.300 0.187 (0.538) 0.300 0.520
1 0.218 0,375 0.202  0.434 0.275  0.422 0.394 0.425  0.412
2 0.366 0,200 0,351 0.291 0.313  0.314 0.068  0.075 0.068
3 0.267 0.250 0.294  0.071 0.113  0.077
4 0.089 0.175 0.106
t—0 0.218 0.263 0.199 0,434 0.350  0.420  0.394 0.385  0.411
1 (0.286) 0.163  0.285 (0.034) 0.175 0.065 (0.244)  0.225  0.176
2 0.009 0.125 0.042  0.220  0.163 0.151 0.345 0,388 0,335
3 0.170 0.125 0.091 0. 261 0.238  0.302 0.037* 0* 0. 028°
4 0.240 0,175 0.262  0.051 0.075  0.061
5 0,077 0.150 0.121
2—-0 0,366 0.275 0.346 0,291 0.300 0.309 0.06% 0.100 0.065
1 0,009 0.150 0,038 0,220 0,175 0,163  0.345  0.350  0.374
‘ 2 (0.207)  0.100 0,143 (0,034 0,125 0.101  (0.34M) 0,250 0,280
i 3 0.018  0.125 0,109  0.250  0.150 0.157 iR 0,300 0,251
K 4 0.169 0,100 0,052 0,189 0.250 0.270 0.006° ¢* o
\ 5 0.194 0.200 0,245  0.016° 0° (d
s’ 6 0.037 0.050  0.06%

SQuantum mechanical probabilities for elastic transitions given in parentheses are upper
bounds.

g = 20,

*£ =16,

‘€12,

*Clannically {orbidden proceancs.

;—*ﬂp:-l.” .
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I
i TABLE (1. Transition probabiiities for TABLE 11I. Trangition probabilities (or a
' . a collinear He- i, collision calculated collinear tle-Hiir collision calculated from
i from the quantum mechanical (QMP the quantum mechanical (QM)* (Rel, 14),
' (Ref. 13), quasiclassical {QC), and the quasiclassical (QU), and the statistical
: statiatical quasiclassical (3O methads, quasiciasalcal (SQC) methads,
QM' Qe SQC' QM' Q(‘u 90('.
0—0 (0. %92) 0.738 0.393 0—0 0. 976) 1 0,975
1 0.108 0.263 0.107 1 0.024¢ 0° 0, 025
10 0. 10~ 0,238 0.106 1~0 0.024* 0° 0,025
1 (0. 850y Q.68 0.863 1 (0. 960y 1 0, 956
2 0.042 0.075 0.031 2 0.016¢ 14 0,019
2--1 0. 042¢ o€ 0,033¢ 2—-1 0.016¢ [ 0.019°
2 (0,957 1 0. 967 2 (0, 980V 1 0.978
3 0. 001°¢ vt oe 3 0.005° 0¢ 0.003°¢
‘ fQuantun mechamoeal probabilities tor SQuantum mechanical probabilities tor
! elastic transitions given in parentheses elastic transitions given 1o parentheses
are upper hounds. are upper bounds,
SE <% inuntts of e, where o, 15 the SE 12 in units of YAuy,, where w15 the
vibraticnal trequency ot 11, vibrational frequenc, of Hir,
SClassically forbidden processes. SCiassically {orbidden processes.
show that SQC probabilities du abev nucroscopic re- SQC method 15 that quantum tunneling effects are de-
‘ versibility to a good approximation. This s one good scribed with real classical trajectories. This represents
| indication that the SQU method 15 superior to the QC an important improvement over the semiclassical colli-
method. sion (heury’ 1 which one carries the burden of working

L with complex-valued trajectories.
We have shown that the SQC method vields more ac-

curate probabilities than the QC methad tor collinear
He-H, and He~HBr collisions. One ~hould keep 1n mind,
however, that the QC method fares imtavaorably for the

particular systems chosen for sur caleulations. Svs- D. L. Bunker. Meth. Comp. Phys, 10, 2«7 (1971,
! tems with low particle nuisses offer a stringent test of H. N, Porter and [ M, Haff, “Dvaamics of Molecular «oili-
the QC method. Furthermare, quantum tunneling effects sjons, " an Modern Theorvtical Chempstry . edited by W, H.

Miller (Plenum, Sew Yora, 1976, Part .

manifest themselves more strongly m « cotlinear colli - .
W. ot Miidier, Adv. Chem. Phys, 25, ny 19740,

| 8100 than in a realistic three -dimensional cothision. For PR

| sten rhuch W flect 1 and the QC Tt Lully, io Net. -
sy 1s i which quantum effects Are <mall and the H. W. lee. h. S. Lam, P. 1. De\ries. and 1. . George.
methad fares well, the use of the SQC method may not J. Chem. Phys. 73, 206 (1950,

be fully justified. This as particularly so because the b
SQC miethod requires a4 larye number of trajectories — 1
typically an order of nmuumitude more than required i )
the QU method —to be computed, as cach element (g, . p,) 'ﬁ\
of the Wigner distribution must be propagated. In fact, )

. Wigner, ’hys. Hev, 40, 7i9 (1930,

. Fo Maoval, Proc. Cambridge Philos, Soc. 48, 99 (1949
. PO Gordon, Phys, Rev. 161, 367 (1967,

1. Lax and H. Yuen, Phys, Rev, 172, 0 (1964) .

I. . Marburger and W. H, Louisell, I'hvs. lte.. 186, 174
D N

M this additional (‘Ulll.lt}l.!}lnl\;ll effort vepresents a major 10, Goldstein and M. O, Scully, Phys. Rev. 11 T, 10%4
disadvantage of the SQC method as compared with the a9,
‘ QC method. However, the SQC method stull requires YLD Heller, J. Chem. Phys. 88, 12889 1197,
much less computational etiort than the QM method, . Secrest amd B, KL Johnson, J. Chem. Pivs. 5, 4io6
: especially when the collision enerey s high and a larye (1960,
. ] Y
; number of channels need to be considered. This s be- "A~ I Clark and A, 8. Iickanson, 1. Phys. 16, 164 (1970
“W . N = . -
cause the number of trajectories requ red to be com- 1.:,' :: :::::‘ r "" ‘I "":"’ Phy . 83. 337~ r1y7on.
r . b Lwory . Chem. N o6
puted n the SQU method does not merease rapidly with ain or corge. 1. Chem. Thys. 38, 566
970,
N respect to the cotlison enerey, whereas the QM method V0 R, Stine and R, A, Marcus, 1. Chem. Phys. 38, 1145
goes rapidly out of reach as the collision energy s in- neTm.
) creased.  Perhaps the strongest poimt m favor of the U0 W Duffand 1. Gl Truhiar, Chem. Phys. 9, 040 00950,
4
.
'
.
{
]
1
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APPENDIX B

A new semiclassical decoupling scheme for electronic

transitions in molecular collisions: Application to vibrational-

to-electronic energy transfer

Hai-Woong Lee

Optical Scicnces Cenier, University of Arizona. Tucson, Arizona 85721 %

Kai S. Lam, Paul L. DeVries, and Thomas F. George®
Department of Chemustry. University of Rochester. Rochester. New York 14627 ©

(Received 24 January 1980; accepted 25 March 1980)

A new semiclassical decouphing scheme (the trajectory-based decoupling scheme) is introduced in a
computational study of vibrational-to-electronic energy transfer for a simple model system that simulates
collinear atom-diatom colhsions. The probamibity of energy transfer (P) 1s calculated quasiclassically

using the new scheme as well as quantum mechaneally as a function of the atomuc electronic-energy
separation (4), with overall good agreement between the two sets of results. Classical mechanics with the
new decoupling scheme s found to be capable of predicting resonance behavior whereas an earlier
decoupling scheme (the coordinate-based decoupling scheme) failed. Interference effects are not exhibited

0 P ovs 4 results

f. INTRODUCTION

Vibrational -electronic energy transfer processes
such as

A+BC(1)= A" . BCL) (1

are of fundamental importance in the theory of molecu-
lar collision dynamics hecause they represent simple
examples of electromceally nonadiabatic collision pro-
cesses.! An accurate description of Process (1), how-
ever, has rnot been without difficulties. The quantumn
mechanical (QAD coupled -channel approach, althouch
most accurate and reliable of all exasting methods, suf-
fers from excessive computer time and expenses,
Senmuclassical (SC) and quasiclassical (QCY methods, as
they have been further developed for the description of
nonadiabatic processes, *are considered to wive reliable
resulls 1n muaany cases, althouch not as accurate as the
QM method, However, as thev treat internal molecular
{vibrational and rotational) degrees of freedom classical-
ly, both methods are generally believed to be imcapable
of deseribing near -resonance processes involving vibra-
tional or rotabional enervy levels. For example, sC
calculations® attempted on the near-resonance collinear
collision process

Bre e L) Myt 0Y - By, s, 1) )

yvielded eneroy transfer probabihities an strony disagree-
ment with the QM results. ' Thus, 1t seems that one has
to rely only on fully QM caleulations to correctly de-
scribe near-resopance proeesses, o view of this rather
unfortunate ~ituation, further development on the 5C and
QC methods seenis desarable

S rcarch s b b the e Fone Cliied of scontitee Re
ot h el oy Coranl Nee A bosie ooy

YAt oSt e carch D how, 19700 LI P SN TOY N | PR YIS |
Monrv dne st Jewchor Sohodae, 1900 =

THese i h St otk by the Nae force cofhiee ol Neentibe e
search b Coneact Noo BP0 T O on0n, the Nattonal
Acronanticos and Space Adminttration aimder Grant Noo NS -
PEYS, i W Satienal Lcaenee Joundation umdo s Grant No.
CHETT 27nlu,
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On the other hand, one might argue that it is not en-
tirely clear that the resonance effects should be absent
only because internal motions are treated classically.
The disagreement hetween the QM and SC caiculations on
Process (2) may be due not to the failure inherent in the
SC method bul to the “decoupling’ approximation® made
on the nonadiabatic coupling. In other words, one may
only need to improve upon the approximation concerning
the nonadiabatic coupling and still be able to use the SC
or QC method for the description of near-resonance pro-
cesses, This point deserves further investigation be -
cause the SC and in particular the QC method represent
major computational simplifications over the QM method.
Miller® recently argucu that, using an oversimplified
model, the SC method (but not the QC method) should be
able to correctly describe near-resonance collision pro-
cesses. Unfortunatelv, no calculations have been car-
ried out on realistic models or systems,

In this paper, we present a computational study of the
resonance effects in the simplest of vibrational-to-clec-
tronic (i~ K) energy transfer processes : collincar atom -
harmonic oscillator colliston. Specifically, we are in-
terested in the proccss

A.BC(ry D)= A" BC(ry, 0), (3)

where the diatom BC 1s now approxinnited as a harmome
oscillator, The encrgy transfer probability P for Pro-
cess (3) s calculated both quantum mechameally and
quasiclassically as the electronie energy separation 2

of the atom A is varied around a fixed value of the vibra-
tional enerpy separation of the harmome oscillator BC.
The purposce of our study 15 to investigate the resonant
process, and 1 particular, to propose (and test) a new
decoupling scheme for the caleulation of QC probabnlities,
This new scheme waill be termed the trajectory -based de-
coupling scheme, for reasons to be discussed in bee, V.
By mvestipating the QC provatnhities thus caleulated, at
18 hoped that we can approach an answer as to whether
the QC (and SC) method may be used to study near-reso-
NANCE Processes,

€ 1980 Armercan Institute of Physicy
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In Sec. II the atom-harmonic oscillator model system 0.6, r~—1
is described. Section 11l follows with a description of
the QM approach and results, and the QC counterpart is ost l
described in Sec. 1V along with the newly proposed de-
coupling scheme. Results of this calculation and a com- ~ 04} |
parison between this new decoupling scheme and the old e
one® is presented in Sec. V. 3 _
=~ 03 1 FIG. 2. The nonadiabatic
. THE MODEL - coupling vé Ry R~} r, Alis
~ o2t { assumed to be equal to 0,016,
We consider the collinear encrgy transfer Process (3) ’
between an atom A and a diatom BC approximated as a o b
harmonic oscillator. For simplicity, the atom A is as- —]
Lg___l___“ [ S

sumed to interact only with the nearer of B and C, and
the interaction strength to be exponentially decreasing
with respect to the internuclear distance. The potential
surfaces are chosen to mimic those used for the Br-H,
system in Ref. 4. The two adiabatic potential surfaces
W, and W; are given by

Wy ={Hy + Hyp ~[(Hyo - H,, P + AHR)V % 2 (4a)
Wl‘{”u’”zz*[(”zz-Hu)"*"‘”fz]”:}“? , (4b)
where

Hy=Aexpl-a{R=}r-pl+d mud(r—rPsinr | (52)
Hyy=Agexp{-a(R-L r-p)l+ s m(r-v¥ s ix, (5h)
and

H,,J%x. (5¢)

Here, R is the translational coordinatec measured from
the c.m. of BC to A, and r s the vibrational coordinate.
The first terms in H;, and #,, represent the exponentially
decreasing interaction strength between A and the nearer
of B and C, and the second terms the harmomc oscilla-
tor potential function. The potential parameters, chosen
to resemble those of the Br-H, system, * are given as

A =3x10% A, =5%100, a3, p,-4,
we=0.02, 7,-1.4, m,=1.5x10% g =mg=2000,

where m,, nry, v are respectively masses of A, B,
and C. Thus, the reduced mass m of the harmonic os-

02 >
.
P
s 01+
g !

f
}
o

R (Bohr)

FIG. 1. The petentiol cacrey surfaces Wyoand W, v the teansta-
tlonal coordimate R Phe vibrational coovdimate is (xed at 1,4
and A s axrumied o be egual to 0, 0146,

o 2 3 &

R, (Bohr)

cillator is given by 1000, All quantities throughout this
paper are given in atomic units unless otherwise stated.
For example, A, and A, are given in hartrees and p, and
7, in bohrs. X is the electronic energy separation of the
two electronic levels of the atom A:

lim (W, ~ w)=x,

R—.
One may assume that the two levels are separated by the
spin-orbit interaction as in “Br."” However, as noted
in the Introduction, 2 is cousidered to be a variable in
our computational study and therefore is varied around
the vibrational energy scparation, fiw, - 0,02,

In Fig. 1, the potential energy surfaces W; and W, are
drawn with respect to the translational coordinate R for
a fixed vibrational coordinate, r- i, =1.4, for the case
}- 0,016, It can be immediately seen that the potential
difference W, - W, is a monotonically decreasing func-
tion of R, and therefore no avoided crossing occurs in
our model system,

Having delincd the potential energy surfa~es, we now
turn to the nonadiabatic couplinz. The nonadiabatic cou-
pling is given by the matrix clements®

8
dl:Z Zrlmrhﬁﬂml(wz‘wi) ' (6a)
and
[ .
d,JL; Z.:r,_r,,;;n..«(wz-w,) , (6b)
where
Ty =Taa= H /(W = 1 R 01V (Ta)
Ty =Ty = Hp/[(Wy ~ By, P HLME ()

A straightforward calculation yiclds

dy: -2d, - - 5;1 Q=N (WF V] Q- (F B P

"_xz}l/z{[o.((f‘s_l\?.)l/.".lz‘g_l\z}llz , (8)
where
Q (M -ADexpl-a(R-1r-pl v ir, (9

It should be noted that oy and 4, depend only on R, R
-1 %, the scparation between A and the nearcer of B and
C, not on 1 wmd » separately, In Fig. 2, |dgl is plotted
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0.2

A (hartree)

FIG. 3. The QM and QC probabilitics vs A for the V-E encryy
transfer process (3). Collision encrgy =0, 033, The solid curve
represents the QM probabilitics und the circles vepresent the
QC probabilities. The dotted curve is & smooth fit to the cir-
cles. The triangles represent the QC probabilities obtained
using the decoupling scheme of Komornicki et al.

against R, for the case X -0.016. The nonadiabatic cou-
pling is seen to be appreciable over the interval of about
2 bohr.

Hi. QUANTUM-MECHANICAL APPROACH

In this section, we report the results of QM calcula-
tions for the V-FE encrgy transfer process (3) porformed
on the model systeni described in the previous section.
The solution to this problem was obtained in the usual
manner by solving a set of close-coupled differential
equations, subject to scattering boundary conditions.
Since the interaction potentials are modeled as exponen-
tial functions, the required matrix elements over the
harmonic «scillator basis can be performed analytical -
ly.7 The Light-Walker R-matrix inethod® was employcd
to solve the close-coupled equations, and the step size
and the initial and final limits of integration of the trans-
lational coordinate were varied until convergence of the

02 ~

P ~

A{hgriree)

FIG. 4. The QM and QC probabtlities vs A for the VoF enerpy
tranafer process (8. 004 1 he sohd
curve represent: the QM probabulitios amd the ciecles repre -
sent the QC probabtlittes, The dotted curve s 4 smooth it to
the cireles,

Cothision cnerpy

J. Chem Phys, Vol 73,

18

Lee, Lam, DeVries, and George: Energy transfer collision processes

0.0t

X (hortree)

FIG. 5. The QM and QC probabilitics vs 2 for the V=E cneruey
transfer process (3). Collision encrgs = 0,035, The solid
curve represents the QM probabilities and the crroes ropre:
the QC probabilities. The dutted curve s a sntooth it Lo the
circles.

n

results was obtained. The resuits are shown in Fius,
3-5, in which the energy transfer probamlitic > are
plotted with respect to \ for fixed colitaion cner ies
The following observations and interpretatiors can be
made.

(1) Each curve has a sin:le peak structure refio ot
the V'-E resonance effect urder consideraziom, and e
resonance width tends to ¢t smaller at lower collrs
energies. For the energy ran; ¢ constdered Y re, the
width is of the order of 0. 0l hartree '~ 0,27 ¢V -,

(2) The peaksoccurat values of ¥ smaller than the .
brational enervy separation 0,02, In Table . the pear
positions along with the pea< probabilities are liste,

Of course, nne would not expect the peaks to uccur at
exactly » 0,02 since the enerey levels are perturiaed
by the collision. In fact, the curves are strong.. asyi
metric about ¥ 0,02; the probatnhties decrease rap.aal
as Vs ancreased from 0. 02 while they po throu b a pea..
as V18 decreased from 0. 02, This behavior can be un -
derstood il we note that the two potential surtaces vep-
resenting the initial and the {inal quantum state: do not
cross if X 1s greater than 0,02, On the other hand, it \
is smaller than 0. 02, they do cross and the transition -
more likely to be made. In particular, one might ex-
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pect that the transition probability is the largest if the
croasing occurs at a point of the maximum nonadiabatic
coupling. A straightforward calculation shows that this
condition is satisfied if A =0,012. According to Table [,
the actual peaks occur at the values of A between 0.012,
a value derived from the above expectation, and 0. 020,
a value expected from the unperturbed energy level
structure.

We have also calculated probabilities for the transi-
tion process

A+BC(ry = 1)~ A® . BC(r, 1) (10)

using the same QM niethod. The branching ratio of the
nonresonant process (10) to the near-resonant process
(8) for a particular collision eneryy 1s shown in Table

fl for various values of A,

IV. QUASICLASSICAL APPROACH-DECOUPLING
SCHEME

In discussing nonadiabatic transitions in quasiclassical
terms, one usually refers to the Landau-Zener type of
approximations at (avoided) crossings of two surfaces.
The two surfaces W, and W, of our model, however, do
not possess an avoided crossing as seen in Sec. 1. They
nevertheless possess complex branch potnts at which the
two surfaces crouss provided that they are allowed to take
on complex values and at which, 1n the 5C theory, non-
adiabatic transitions are allowed to take place. We
therefore compute transition probabilities at the branch
points using the method normally eniployed in the SC
theory. However, the phase terms responsibile for quan-
tum interference effects are totally neulected and, for
this reason, our approach 1s still termed quasiclassical’
following the usual convention,

The branch points of our model system can be easily
found by solving the equation

Wo(R,, v V- WK, v O, (11)

where R and r_ are now conswered to assume complex
values. Substituting Fgs. (4) and (5) into Eq. (11}, we
obtain

{(Ay-Apexpl —a(R, =5y, —p)l e M2 B 0, (1)

which immediately yields the following equation for the
branch points,

R,-av, uotr, (13a)

Yine s 13
v p.,-“ n/\'-/\‘— ' ( )
» alrns"§ . (13¢)

Even with this sumple anaby tie stracture of the branch
points, avery laree number of computational efforts
are still necded to obban teansition probalalities | af the
full compdos valued teagectory, method of the SC theory
18 to be used, A considerable computational stmphifica-
tion can be whieved, however, with the recently pro-
posed decoupling scheme, ' Siee we will use an im-
proved version of this seheme in our caleulations, a
brief review of the scheme s inorder,

r(Bohr)

R(Bohr)
FIG. 6. Collision process viewed in the R-r plane.

The
branch points torm a straight line.  For the case A =v, 016, the
equation for the line is R -4 r=1.77. The solid and dotted
curves represent a typical trajectory on the way in and out,
respectively.  The choice of the coordinates n and & according
to the newly proposed decoupling scheme ts illustrated at the
point Q.

The decoupling scheme first invokes the localization
of nonadiabatic transitions by assuming that the trajec-
tories remain on the real axis except when they hit a
point that coincides with the real part of the branch
points, It then assumes that all but one appropriately
chosen coordinate n and corresponding momentum P,
can be “frozen” at this point, and calculates the transi-
tion probability in a Stilckelberg-like manner allowing
only the “decoupled” coordinate r and momentum P, to
be analytically continued into the complex plane. The
essence of the decoupling scheme 15 therefore to reduce
a problem with multidegrees of [reedom to one with a
single degree of freedom analogous to an atom-atom
collision,

We now wish to consider our atom-harmonic oscilla-
tor collision process within the decoupling picture.
There are two degrees of freedom, translational and vi-
brational, in this collinear process as represented by the
coordinates R and r (and corresponding moiuenta Pg and
P,). For this case, it is most convenient to use the
R-r plane to discuss the motion of the system. In this
plane, the real parts of the branch points given by Eq.
(13b) forms a straight line, as shown in Fig. 6 {or the
case A:0,016. The system moves along one of the sur-
faces, W, or W,, according to Hamilton’s equations of
motion, until it encounters a point on the line. A typical
trajectory is shown in Fig. 6, 1n which the line of the
branch points 1s encountered twice during the collision
process., Which points on the line the trajectory hap-
pens to hit, of course, depends on the initial conditions,
To make our discussion definite, let us consider the
point @ in Fig. 6 which can be represented by (K&, »,)
in the R-r» plane.  To obtawn the transition probability
at this point using the decouplime scheme, we nhirst need
to choose a decoupled coordinate n and a frozen cvord -
nate £, cach of which ean be i general a hinear combina-
tion of & and ». 1o the seheme proposed by Komornek
et al, ,’ nis chosen to be & and £ to be ». The reason
for the choice is that it is generally believed that the
component of the momentum most effective in leading to
nonadiabatic (ransitions 15 the one perpeadicular to the
line of the real parts of the branch pownts, and in thewr
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TABLE 1I. The QM and QC branching
ratios of Process (10) to Process (3),

A QM. ch Qcc

0.012 0.666 1.23 18.7

0.014 0.405 0.727 5.28
0. 016 0. 266 0,511 4.82
0.018 0.192 0.463 1.42
0.020 0. 156 0,391 5.63
0.022 0. 147 0.254 2.56

Collision energy = 0. 055.

YCollision energy =0.055. The new de-
coupling scheme is used.

“Collision energy = 0.055. The decou-
pling of Komornicki et al. is used.

study, this happens to be very nearly the translational
momentum. Within this scheme the transition proba-
bility is given by

p=exp(-26) , (14)
where

8=Im j;:"mdk[k,(m—kz(ml , (15)

k(R ={2M[E - W/(R, r)I}*/?, j=1,2, (16)

M=mp(mg + me)/(my s nig + ) mn

and E is the total energy. While the translational ceoor-
dinate R and momentum Py are ullowed to proceed in the
complex plane, the vibrational coordinate » and momen-
tuin P, are assumed to be frozen at the values at Q,

r=vy, P, =P, . (18)

Thus, only the component of momentum in the R direc-
tion will be changed after the transition is made,

2

P pg
Pr,w.-Be, y
P A TR (19)

where the prime is used to denote the quantities after
the transition. The above choice of the decoupled and
frozen coordinates, however, presents two immediate
difficulties. First, Lhe laws of classical mechanics are
violated by assuming that both coordinate and momen-
turn are frozen at finite non:ero values as dictated by
Eq. (18). The position r can be fixed at », only if r,,
is zero. Second, Eq. (19) suguests that the change in
electronic energy represented by the potential jump
W,~ W, is accompanied by the change in translational
energy rather than vibrational energy, This may incor-
rectly suppress V-F encrgy transfer because the QM
data in Table 11 show that V-F cnergy transfer tukes
place more easily than transiationat-to-clectronic (7~F)
encrgy transfer in near-resonance processes. It now is
not surprising that the -V encrgy transfer probabilities
in the Br-H. system as caleulaied by Komornicki ef al.
were anomalousty small, 1t al:o is evident that a more
reasonable »heice of the coordinites 7 and £ will give a
better resull, We therefore propose the following in an
attempt (0 overcome the above difficulties,

We choose 1 to he the coordinate along the direction

of motion and ¢ perpendicular to it. This choice is il-
lustrated in Fig. 6 at the point () for the trajectory
shown, Here, 7 and ¢ take the form

n=R-Byr, (20a)
§=R+7/B, , (20b)
where
Bg=-%/Ry , (21)

and #, and RQ are the vibrational and translaticnal ve-
locities, respectively, at . We note that n and £ are
in general different for different trajectories and there-
fore have to be defined for each trajectory at each en-
counter with a branch point. For this reason, our new
decoupling scheme may be termed the trajectory-based
decoupling scheme, as opposed to that of Komornicki
et al., which is based on the choice of an optimum co-
ordinate. We will refer to the earlier scheme as the
coordinate-based decoupling scheme.

The advantage of our choice of 7 and £ is that £ is al-
ways zero and therefore there is no conceptual difficulty
in freezing this coordinate,

E=ty =Ro+79/Bq, Py=0. (22)

The transition probability at ( is given by Eq. (14),
where 6 now becomes

nhelv,
6=1mf T anlky(m) - k()] (23)
"Q
where
Ng=Rg~Bg?y (249
k}(n)={2u,,°[5— W(n, 50))}“2 , =42, (25)

Hagy the reduced mass governing the motion of the sys-
tem in the u direction, is shown in the Appendix to be
given by

M/B2 4+ m
=AUFoH
Eag B+ 178, F (26)
and ng is the imaginary part of the branch point that
must satisfy Eqs. (13). Simple algebra immediately
yields

" 3241

- y
T 1igg/2 " @7

Equations (20)-(27) now enable us to calculate for tran-
sition probabilities within the new decoupling scheme.
Upon the completion of a transition, P, is given a new
value according to the energy conservation relation

PZ PrZ
4 W=y W, . (28)
2u,,° 2“"0

Because we are interested in the case of a low cotli-
sion energy (K, £0.055), it oceasionally happens curing
our QC calculations that there is not sufficient enerpy
available for an upward transition. In this case, the
formuia introduced by Laing ef al.? is cmployed to cal-
culate probabilitics, with obvious modifications to ac-
count for the {act that now the decoupled coordinate 1
is the one to be integrated over. In the ease of very
high collision encrgies such that vibrational motion is
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relatively weak, we expect the trajectory-based de-
coupling scheme to approach the coordinate -based one.
Furthermore, in more general collision conditions not
involving resonance transfer, the two decoupling schemes
may also be equivalent,

V. RESULTS AND CONCLUSION

The method used for the QC calculations is the usual
classical trajectory method!™!! modified to include the
calculation of nonadiabatic transition probabilities with
the trajectory-based decoupling scheme, The Hamilton
equations of motion were numerically integrated using
the fourth-order Adams-Moulton formulas with the
fourth-order Runge-Kutta integration being employed to
initiate the procedure. When the system encounters a
branch point, the transition probability was computed
as described in the previous section, The complex in-
tegration in Eq. (23) was carried out using the four-
point Gauss-Legendre quadrature formula. Upon com-
pletion of the probability calculation, the integration of
Hamilton equations was resumed. For a path starting on
a new surface, the Runge—Kutta formula was again
needed to initiate the integration with a new set of initial
variables before the Adams-Moulton formula could be
used. The system typically encountered two or four
branch points during the collision process. For the
case of four branch points, eight different paths must
be considered. The final vibrational quantum number
was assigned using the usual quasiclassical box. The
total probability for the energy transfer process (3) was
then obtained from the equation

P- }; PN,

where N is the total number of trajectories, p; is the
total transition probability for the sth trajectory that en-
ters the box 1, =0, and the summation runs over all such
trajectories,

(29)

The results of the QC calculations are shown in Figs,
3, 4, and 5. The circles represent the QC probabilities
actually obtained from the calculations, and the dotted
curves are smooth {its to the circles.

In Fig. 3, the result of QC calculations using the co-
ordinate-based decoupling scheme is also shown. The
probabilities, represcented Ly the triangles, are rather
unstable with respect to the variation of \, as can be
seen from the apparent three-peak structure. Conse-
quently, it is hard to judge whether this set of data con-
tains any resonance coffect in it. The superiority of the
new decoupling scheme can be more clearly seen if we
also consider the nonresonant transition (10). In Table
11, the QC branching ratios of process (10) lo process
{3) obtained with the two decoupling schemes are shown
atong with the QM ratios, The QC ratios with the tra-
jectory-based scheme show a reasonable agreement with
the QM ratios. However, the coovdinate -based scheme
predicts the ratios to be very large as compared to the
accurate QM ones, This scems to be a clear indication
that the coordinate-based scheme is not adequate to de-
scribe processes involving resonance effects,  Fivures
3, 4, and 5 also exhibit QM results, which indicate that

21

the QC approach with the trajectory-based decoupling
scheme reproduces the resonance peak structure rea-
sonably well,

The QC peaks occur at A =0.012, shifted towards
smaller values of A from the QM peaks, At a-—0.012,
the potential difference W, - i/, at the real parts of the
branch points is equal to the vibrational ene.yy separa-
tion 0.02; i.e., this X fulfills the resonance condition at
the branch points. Speaking in QM terms, at this \, the
two surfaces represecrnting the initial and final quantum
states cross at the real parts of branch points. (Sce
related discussions in Sec. III, For our model, those
points coincide with the points of the muximum nonadi-
abatic coupling.) Therefore, it is reasounable to expect
the QC peaks to be at M —0.012 provided that the reso-
nance effects are properly taken care of, Th.: the QC
peaks occur indeed ai M — 0,012 indicates that the reso-
nance effects are incorpu.ated in our QC method with the
new decoupling scheme., The accuracy of the method,
however, is limited by the assumption that the transition
takes place only at branch points, This ussumption is
at least partly responsible for the inaccurate position o1
the QC peaks., Referring to Table 1, we sece that the
agreement between the QC and the QM results on the
position of the peaks is better at hicher collision cner-
gies. We also note that the QC probabilities are in pen-
eral somewhat larger than the QM probabilities. One
might argue, however, thot the inclusion of the Nuiitin
factor® will bring the QC probabilities Cown closer to
the QM ones.

It is also interesting to note that interference effects,
which are of course incorporated in the QM apprnacn
but suppressed in the QC, are not exhibited in the transi-
tion probability vs A results. On theother hand, the
absence of the interference effects in the QC method
could be a part of the reason why the QC results become
less accurate at lower collision energies.®

More stringent tests on the present decoupling schemc
would seem to rest on its application to very low colli-
sion encrgies, perhaps even to cases where the colli-
sion energy is much lower than the resonance energy
exchanged. However, it is debatable whether such a
condition is a sine qua non for resonance considerations,
The collision energies we have chosen are, in fact,
lower than or, at worst, comparable to the vibrational
quantum exchanged, necar the real parts of the branch
poin:, even though they may be large in other regions,
Moreover, our exact quantum mechanical results also
indicate that resonance effects do persist to the range
of collision encrgies considered here, even though these
effects tend to decrease as the collision energy in-
creases, (The single-peak structure of the resonant
P vs A curve recurs through hgh £ and the typical
branching ratio for resonant to nonresonant transitions
is ~10 at the peak vatue of \, for I 0.035.) Unfortu-
nately the dpplication of our present trajectory-based
decoupling scheme is restricted to cases having a well-
defined real velocity at the real parts of the branch
point, which 15 not likely to be the case for very low
collision encrgics,
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APPENDIX: TRANSFORMATION OF COORDINATES

In terms of the new coordinates 1 and £ defined by
Eqs. (20), the kinetic energy can be written as'?

T=4 MR+ mi2=dpntebu d2eduni . (AL)
Note that there exists a cross term containing r)E be-
cause the coordinates n and £ are not separable in gen-
eral. Substituting Egs. (20) into Eq. (Al.) and equating
the terms that have the same powers of R and ¥, we ob-
tain

M=ppg+ g+, (A2)
m=u,Biep, /B, (A3)
==2p B+2u,/B+u(l /-5 . (Ad)

Solving Egs. (A2)-(A4) for p,, u,, and u, we obtain

L= (M/BEam)/ (B+1/8YF | (A5)
which is Eq. (26) in Sec. 1V,

pe= (824 m)/(B+1/8Y (A6)
and

u=(2M=2m)/(B+1/3) . (AT

Now if the system moves under the constraint that £ re-
mains zero, then

T=}u,7*=P/2u, , (A8)

and

ko= Py/i=(2u, T/ h=[2u(E-W]"Y3/n , (A9)
where W is the potential energy.

LFor a review of the theory of nonadiabatic collisivn processes,
see J. C. Tully, in Dynamics of Molecular Collisions, Modern
Theoretical Chemistry, edited by w. H. Miller (Plenum, New
York, 1976), Part B, p. 217.

2Since we consider nonadiabatic processes throughout this
paper, we will be using the term “QC mcthod’ to mean the
extension of the usual QC mcthod to account for nonadiabatic
transitions, i.e., by QC method, we actually mean the sur-
face-hopping trajectory method {J. C. Tully and R. K. Pres-
ton, J. Chem. Phys. 55, 562 (1971)] or its variations.

3A. Komornicki, T. F. George, and K. Morokuma, J. Chem.
Phys. 65, 48 (1976).
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{1976).
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215 this Appendix, the discussion is presented without refer-
ence to any particular point or trajectory. The subscript Q
is therefore dropped.
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APPENDIX C

Pulsed Visible Chemiluminescence Experiments

M. D. Burrows and D. J. Benard

Introduction

In order to achieve lasing on an electronic transition in a typical dia-
tomic molecule it is necessary to rapidly generate a copious supply of
molecules in the upper level of the laser transition. At shorter wave-
lengths this requirement becomes more difficult to satisfy because of
rapidly decreasing stimulated emission cross-sections. Further, when a
chemical reaction scheme is employed as the source of excitation it is
also necessary to hold down the reagent concentrations in order to prevent
quenching of the lasing species by the reagent or product molecules.
Therefore, it is requisite in such cases to carry out the chemical reac-
tions in as rapid a way as possibl2 in order to obtain the necessary pump

rate.

Traditionally, chemical lasers have been of the mixing type and have
employed reacticns that initiate spontaneously as mixing occurs. This
approach is most appropriate to the generation of CW lasers, however,
since the mixing is limited by diffusion vhich often proceeds slowly
compared to gas kinetic rcaction rates, it may be difficult to achieve

lasing on diatomics at shorter waveclengths using this scheme. As an
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alternative, we have considered laser schemes based on gas phase chemi-
luminescence rcactions that do not initiate spontaneously but proceed via
a branched chain reaction kinmetics. This feature not only allows pre-
mixing of the reagents but also provides a chemical amplifier effect which
allows one to "trigger"” the reaction by a relatively small input of opti-
cal or electrical energy which produces the initial chain carrier species.
The resultant laser action would therefore be pulsed, which may be advan-
tageous in itself. Enhanced propagation and target effects have been
demonstrated for repetitively pulsed DF chemical lasers relative to their
CW counterparts,; however, it remains to be seen what significant advan-

tages may accrue for pulsed visible lasers.

Experimental Method

Fig. 1 shows the experimental apparatus. Chlorine dioxide (Cl0j) is
generated by passing Cl, gas over NaClO, crystals. (Ref. 1) The Cl0y is
collected in a cold trap prior to loading into the reaction cell. A fuel
species, typically acetylene (CoHp) is then added to the reaction cell and
is allowed to mix with the chlorine dioxide. A single 10 mJ, 20 nsec
pulse of 3500 & light from a XeF excimer laser is then used to detonate
the mixture. The absorption coefficient of Cl0, at 3500 X is so high
(3000 1/mole-cm) that the 10 mJ pulse is almost totally absorbed after
traversing less than 1 cm of Cl10, at partial pressures on the order of 50
Torr. Irradiation of C10, at this wavelength yields predissociation inte
€100, which is probably followed by the rapid (10 !'cm®/molecule-sec)

*
exothermic reaction C10 + 0 + C) + 0,. (Ref. 2) The initial UV laser
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Experimental apparatus for pulsed chemiluminescence experi-
ments. The excimer laser can be operated at 3500 X (XeF),
2940 R (Krf), or 1930 R (ArF). The detector consists of
ecither an interference filter and photomultiplier tube or

a grating monochromator and optical multichannel analyzer
system. The quantum efficiency of the optical multichannel
analyzer is 10%, decrcasing to zero at the sensitivity limits
of 3500 R and 8400 XK. The resolution is 5 & per channel with
a memory capacity of 860 counts for ecach channel.
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pulse, therefore, produces high densities of C10, O, Cl, and excited O in
s small volume which then chemically ignites the remaining Cl0, and fuel
(C2H,). The detector in Fig. 1 consists of either a photomultiplier tube
and interference filter for intensity versus time profiles or a gratinog
monochromator and optical multichannel analyzer system to record single
detonation spectra. The observation side-arm is deliberately located a .
distance away from the end window so that optical pumping by the XeF laser
is not observed. Typical partial pressures are 150 Torr of Cl0, and 75 to
100 Torr of C;H,. Soot formation on the cell windows becomes a problem if

higher C,H,; pressures are used.

Results

The detonation of C10, and Coll, mixtures resulted in an intense blue-green
chemiluminescence. A typical spectrum of the chemiluminescence is shown
in Fig. 2. The observed chemluminescence is easily identified as the
€2(d3n » a3n) Swan bands. (Ref. 3, 4) The emission is very intense and
requires the use of neutral density filters in order to prevent saturation

of the optical multichannel analyzer detector.

Excitation of the Swan system can also be obtained by detonation of
HN3+C,H,+N,0tHe mixtures using a single 30 mJ, 20 nsec pulse of 2490 R KreF
excimer laser light. As Fig. 3 shows, strong CN Violet band emission is
also observed from this mixture. Excitation of the Swan band system by
such mixtures depends much more critically on relative reactant concentra-

tions, but produces a much "clecaner" and better developed C; Swan system
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Fig. 3. Chemiluminescence spectrum from the detonation of a mixture
of 150 Torr HN3 + 50 Torr Caily + 50 Torr N,0 + 200 Torr He
acquired using the optical multichannel analyzer system and a
neutral density filter of 2. The intense violet degraded band
heads at 56035, 5165, and 4737 R are the C> Swan bands, while
the violet degraded band heads at 4578, 4216, and 3883 R
the CN violet bands (B2£»>X2%). The weak violet degraded head
at 4314 R is duc to the CH radical AZA»X?n transition.
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than does the detonation of Cl0, and CoH, mixtures, where the Swan baads
are superimposed on a strong background of continuum emission. Detonation
of mixtures containing only HN3 and CzH; produces weak Swan bands, while
the addition of He buffer gas enhances the Swan band emission. The Swan
band intensity is increased further by using both He and N;0. The deton-
ation chemistry of HN3 and CyH; mixtures appears to be strongly dependent
on trace impurities in the He buffer gas, since replacing He with Ar
completely removes both the CN and C, emission. Previous researchers have
found using isotopic substitution that the carbon-carbon bond is defin-
itely broken in reactions producing C,, (Refs. 5, 6) which is consistent
with the observation in the present experiments of excited CH radicals
(A28 » X2n transition at 4314 &) when mixtures of HN3;+CoH,+NoOtHe are

detonated by KrF laser light.

The temporal behavior of the chemiluminescence pulses from detonation of
C102 and C,H, mixtures was monitored by replacing the OMA with a photo-
multiplier tube and 5100 & interference filter. A typical time history is
shown in Fig. 4. The risetime of the pulse is typically 30-50 usec, while
the "burn-time" exceeds 1 msec. The time delay before the rapid onset of
light emission is on the order of the time required for a shock front to
travel from the lascer input window to the side-arm where light emission is

observed.

29




5 mvV/cm

S ny/cm

Fig. 4.

S00 usec/cm 200 usec/cm

Time history of emission from detonation of mixtures of 50
Torr C102 and 50 Torr Cll using a 5100 & interference filter

and photomultiplicr tube.
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Discussion

The C, Swan bands are commonly seen in hydrocarbon flames at atmospheric
pressure. (Ref. 7). The 431 » a3n transitions are highly vertical and
thus appear in a characterstic Av=0 vibrational sequence with the (0,0)
band head at 5165 A. Contributions from higher vibrational levels appear
at shorter wavelengths spaced by W, ~ 1800 cm !. (Ref. 4) Experiments with
CoH, in flames have shown that C, Swan band emission is many orders of
magnitude more intense than can be predicted on the basis of the adiabatic
flame temperature and statistical (Boltzman) population distributions
(Ref. 8) Therefore one may infer that the C, (d3n) state is specifically
populated by chemical reactions in flames. Further, cavity resonance
experiments have failed to show any measureable absorption in médcrate
pressure flames (Ref. 9) from which one might surmise that Cz(a3n) is
removed via a chemical process since statistically the C,(a%n) state
should be thermally populated. The radiative lifetime of the Cg(asn)
state is on the order of 200 nsec..(Ref. 10) so it seems probable that
rapid chemical removal of Cz(aan) at our 109/cm® concentrations could
sustain an inversion. These results taken in conjunction with our
experimental observations support the possibility of producing a pulsed
visible chemical laser on the C, Swan bands in premixed Cl0, and CoHp

mixtures.

At this time the mechanism of rcaction is unknown, thus it is impossible
to speculate in any detail regarding the kinetics of the reaction. The

simplest interprctation of Fig. & (time history of chemiluminescence) is
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that the initial rise and the associated high frequency structure results
from a chemically driven shock wave that is followed by uniform burning of
the reagents behind the shock front which persist until the reactants are
depleted. Thus the chemiluminescence is actually a quasi CW process since
the reaction time is long compared to the radiative decay rate. One would
estimate that a limiting rate of . 10 13 cm3/molecule-sec controls the
chemiluminescence process based on the reagent concentration and the

chemiluminescence decay rate.

Of course whether a chemically pumped C, laser is possible will depend
critically on the details of the kinetics, however, one may show that if
the kinetics efficiently produce C,(d3n) and selectively destroy C,(a3n)
that gain coefficients on the order of 1/cm can be easily generated by
reacting 2 200 Torr mixture of Cl0, and CyH, in 1073 sec. At such den-
sities the chemical energy is stored at the rate of ~ 1 KJ/liter assuming
efficient production and extraction of the chemical energy as laser
photons. A theoretical specific energy in excess of 1IMJ/1b is calculated
by dividing the photon energy by the mass of the reagent species. 1In
practice it is unlikely, however, that such optimistic figures will
actually be obtained; however as a result of the thermal expansion
attendant with the reactive heat release it would appear that atmospheric

pressure recovery is feasible in a ramjet configuration.

Summary

We have shown that by premixing rcagents and pulsing a chemiluminescent

reaction that one may overcome some of the difficulties inherent to the
32
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10.

production of a visible chemical laser operable on a diatomic species.

The reaction of Cl0; and C,H, is one such reaction that produces electron-
ically excited C; molecules with properties appropriate to laser action on
the d3n + a3n transitions, given kinetics that favor inverson. Such lasers
in a pulsed mode are capable of achieving high gain coefficients and are
characterized by high specific energy and high energy storage per unit

volume in the laser cavity,
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